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Abstract 
A study of the effects of passive vortex generators (VGs) on Aludra unmanned aerial vehicle (UAV) aerodynamic characteris-
tics is presented. Both experimental and numerical works are carried out where an array of VGs is attached on Aludra UAV’s 
wing. The flow measurements are made at various angles of attack by using 3-axis component balance system. In the numerical 
investigation, the Reynolds-averaged Navier-Stokes (RANS) code FLUENT 6.3TM is used in the simulations with fully struc-
tured mesh with Spalart-Allmaras (S-A) turbulence model and standard wall function. The comparison between the experimental 
and numerical results reveals a satisfactory agreement. The parametric study shows that higher maximum lift coefficient is 
achieved when the VGs are placed nearer to the separation point. In addition to this, shorter spanwise distance between the VGs 
also increases the maximum lift coefficient, rectangular and curve-edge VG performs better than triangular VG.  
Keywords: passive VG; NACA4415; flow control; computational fluid dynamics; skin friction coefficient; lift coefficient  
1. Introduction1 
Better understanding of the flow characteristics over 
the lifting surfaces of the aircraft is one way to im-
prove the aerodynamics performance of the aircraft in 
its cruise and maneuver condition. At low Reynolds 
number (Re), the boundary layer flow is generally sta-
ble and the presence of an adverse pressure gradient 
results in a laminar separation with or without turbu-
lent reattachment. In the absence of externally forced 
disturbances, the separation can extend back to the 
trailing edge of the airfoil, resulting in a large pressure 
drag on the airfoil [1]. Therefore, the flow control 
separation is extremely important especially in separa-
tion postponement. The kernel in separation post-
ponement is used to add momentum to the near-wall 
region [2]. Vortex generator (VG) is one of the tech-
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niques that have been used to control flow separation 
on a number of aircraft in recent years. 
A number of experimental and numerical investiga-
tions have been conducted on the VGs. Several VG con-
figurations have been tested for their effectiveness in 
flow control. Godard [3] and Betterton [4], et al. found 
that VG with spaced counter rotating arrays appears 
more efficient in delaying separation compared to co- 
rotating array forward wedges, and joined counter-ro- 
tating device. Wheeler [5] showed that apexes pointing 
downstream are more efficient in reducing drag and 
increasing the airfoil stall angle than the forward-facing 
apex that damages the flow along the side wall. 
Several parametric investigations have also been 
conducted on the VGs by a number of researchers. 
Godard [3], Pauley [6] and Ahmad [7], et al. found that 
skewed angle of VG will influence the skin friction 
and vortices strength downstream of the VG. Mean-
while, the effects of spacing between each couple of 
VGs have been tested by Ahmad [7] and Bur [8], et al. 
Sub-VG, micro VG, and blowing VG have been tested 
by several other researchers to analyze their effects in 
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flow control (Lin [9-10], Babinsky [11] and Jiang [12], et 
al.). The VG with relatively low height can produce a 
desirable eddy structure without prematurely generat-
ing a downstream turbulent boundary layer, thus re-
sulting in greater drag reduction [9]. Lin [9] also ob-
served that increasing the gap ratio of the counter- 
rotating vanes is important in reducing the mutual 
vortex interference (leading to faster vortex decay) and 
preventing the device from adversely affecting the 
boundary layer in adverse pressure gradient flow. 
The computational fluid dynamics (CFD) has been 
used to better understand the flow phenomenon above 
the airfoil with and without VGs. Using CFD, the most 
optimized flow devices can easily be designed. The 
results of CFD simulation showed that passive VG is 
effective in reattaching the separated shear layer and 
reducing the size of separation zone [13]. Computa-
tional methods with large eddy simulation (LES) 
model and Reynolds-averaged Navier-Stokes (RANS) 
model have been used by researchers in investigating 
the turbulent, separating boundary layer flow and vor-
tex shedding [14-15]. Johansen, et al. [15] concluded that 
RANS model allowed much coarser grids in the 
boundary layer compared to common LES models and 
had quite an acceptable value. 
The objective of this current work is to design an 
effective passive VG to enhance the aerodynamics 
performance of allianced unmanned developmental 
research aircraft (Aludra). Aludra is the first unmanned 
aerial vehicle (UAV) that was designed and flight 
tested in Malaysia with loiter speed of 50 knots 
(1 knot=0.514 4 m/s). In order to have longer loiter 
time, the loiter speed needs to be reduced further and 
this can be achieved through an enhancement of the 
aerodynamics performance of Aludra. The Aludra’s 
wing applies the NACA4415 airfoil. The spanwise 
distance of each counter-rotating VG and their location 
from the separation baseline was varied and tested in 
the experiment to find out the effect of these parame-
ters on the airfoil aerodynamics performance. Simi-
larly, numerical study for Reynolds number of 
2.13×105 using CFD commercial code FLUENT 6.3TM 
was carried out to validate the experimental data. Pa-
rametric study of the VG has also been carried out 
using numerical simulations. 
2. Experiment Set-up and Computational Appr-  
oach 
2.1. Wind tunnel and flow conditions 
The experiments were performed in an open circuit 
subsonic wind tunnel as shown in Fig. 1. The test sec-
tion is 30 cm×30 cm×60 cm long with a transparent 
wall on each side for visualization process. The wind 
tunnel is equipped with two fans where the maximum 
speed of the wind tunnel is 36 m/s which is equivalent 
to Mach number Ma=0.1. In the experiments the ve-
locity in the test section was set at 20 m/s which is the 
common takeoff and landing velocity of Aludra. The 
measurement technique used in this experiment is 
3-axis balancing system. This technique was used to 
measure the lift, drag and pitching moment of the airfoil. 
 
Fig. 1  Schematic of wind tunnel experiment operation. 
2.2. NACA4415 airfoil 
NACA4415 airfoil was used in the Aludra’s wing. 
Fabrication of the airfoil mould was done using com-
puter numerical control (CNC) machine. Composite 
wet lay-up was done on the mould to produce fiber-
glass-made airfoil. Fig. 2 shows the fibreglass com-
posite wing with different VG configurations. The 
fiberglass-made airfoil is light weight so that the 3-axis 
balancing system can sense the stall effects easily and 
improve the accuracy of the result. The span of the 
airfoil has the same length as the width of the test sec-
tion, which is 30 cm so that the three-dimensional (3D) 
flow effect on the airfoil is prevented. The attachment 
of the airfoil to the 3-axis balancing device is at the 
side of airfoil. This attachment must be strong and the 
airfoil must be parallel to the test section so that the 
system can measure the forces on the airfoil accurately. 
In order to reduce the parasite drag due to the attach-
ment of the VGs on the airfoil, the VG base has the 
same shape as the airfoil’s upper surface. The com-
pleted wing is coated with spray throughout the entire 
structure of the completed wing to ensure that the coef-
ficient of friction is the same for the whole wing surface. 
 
Fig. 2  Fiberglass composite wing with different VG 
configurations. 
2.3. VG devices  
The passive VGs were triangular elements whose 
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angular position was fixed at 20° with regard to the 
main flow direction. Based on Lin’s review [9], the 
configuration of counter-rotating VGs has been chosen 
in the experiments, since the counter-rotating vanes are 
most effective in 2D separation control. Besides that, 
the VG’s apexes were designed to point downstream, 
which is consistent with the results of Wheeler [5] ob-
served that apexes pointing downstream are more effi-
cient in reducing drag and increasing the airfoil stall 
angle than the forward-facing apex. Concerning the 
counter-rotating VGs, the effect of spacing between 
each couple of VGs has been tested (λ/h =10, 7.5, re-
spectively, where λ is the spacing between two passive 
devices, h the VG height). Moreover, the number of 
VGs has been adapted for each configuration to cover 
the entire span of the test set-up. The location of the 
VG devices from the baseline separation of the 
NACA4415 airfoil has also been tested (∆Xvg=10δ, 
16δ, respectively, where δ represents the boundary  
layer thickness). ∆Xvg=16δ for the conventional VGs 
was suggested and tested by Bur, et al. [8]. Fig. 3 gives 
the geometrical parameters of vane-type passive VG 
devices used in the current work. 
Table 1 shows the parametric studies carried out us- 
 
Fig. 3  Definition of vane-type passive VG devices. 
ing experimental and numerical analysis. In Table 1, l 
represents VG length, and d represents gap between 
VGs. The variable C1, C2, C3 and S1-S5 denotes the 
parametric case studies carried out for experiment and 
CFD simulations respectively. In the simulation, the 
parameters of the vane-type VGs in S1 and S2 which 
were tested are the same as C1 and C2 in the experi-
ment. The parameters in S3 are the same as C3 except 
for ΔXvg=16δ. Besides that, the vane-type VGs in rec-
tangular and curve-edge were simulated. Six configu-
rations of vane-type VGs were used in these experi-
ments (see Table 1). 
Table 1  Geometrical parameters of vane-type VG 
Note: Tri=Triangular   Rect= Rectangular 
 
2.4. Governing equation in computational approach 
A CFD code FLUENT 6.3TM was used to simulate 
the flow field. This code used a control volume tech-
nique to convert the governing equations to algebraic 
equation that can be solved numerically. The 3D in- 
compressible RANS equation, on an arbitrary control 
volume, V, on a moving mesh is written as 
g
d d ( )d d d
d V V V V
V S V
t φ
ρϕ ρϕ Γ∂ ∂+ − = +⋅∫ ∫ ∫ ∫u u A A∇
(1) 
where u is the flow velocity vector, ug the grid velocity 
of the moving meshes, ρ the density of fluid, ϕ the 
property of the fluid and dA the surface area of the 
fluid domain under consideration. The first and second 
terms on the left are the time derivative term and con-
vective terms. The terms on the right are the diffusive 
terms and the source terms. The term Г represents the 
diffusion coefficient and Sφ represents the source term 
of φ. The term ∂V is used to represent the boundary of 
the control volume V. 
For simulation, the software was run in an implicit 
pressure base, the simiple pressure-velocity coupling 
for both the first and second order. A second order 
scheme is used for higher accuracy. The values of den-
sity, viscosity and temperature in the simulation are 
consistent with the atmospheric condition in these ex-
periments. Spallart-Allmaras (S-A) turbulent model 
was used because of its capability for modeling sepa-
rated flow. And since it is a one equation model, it will 
compute faster than the two equation turbulence model.  
2.5. Numerical method  
For the clean airfoil case, NACA4415 airfoil with 
1 m of chord length c and the 2D structured mesh were 
generated. In the curvilinear coordinate system, the 
C-type mesh was generated numerically using an ellip-
tic grid generation algorithm around NACA4415 air-
foil. The upstream boundary of the computational do-
main was 11.5c from the trailing edge of the airfoil. 
Experiment Simulation 
Parameter 
C1 C2 C3 S1 S2 S3 S4 S5 
h/mm 5 5 5 32.6 32.6 32.6 32.6 32.6 
l/h 3 3 3 3 3 3 3 3 
d/h 1 1 1 1 1 1 1 1 
λ /h 10 10 7.5 10 10 7.5 7.5 7.5 
ΔXvg/δ 16 10 10 16 10 16 16 16 
Shape Tri Tri Tri Tri Tri Tri Rect Curve-edge 
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The outflow boundary was located at 21.5c down-
stream of the trailing edge and the pressure farfield 
boundaries were located at 12.5c from the upper and 
lower trailing edge surfaces, respectively. The simula-
tion was run from 0° angle of attack (α) to the angle 
where stalling occured and the Reynolds number in the 
simulation was fixed at 2.13×105 which is similar to 
the Reynolds number in the experiments. To achieve 
this Reynolds number, the velocity inlet was set at 
3.625 m/s. From 2D velocity profile, the baseline 
separation is found at approximately 0.55c from the 
leading edge at a stall angle of 13°. 
For the airfoil with VGs configuration, the body- 
fitted mesh was used to partition the domain around 
the NACA4415 airfoil, as displayed in Fig. 4. C-type 
mesh with the same node distribution as in the clean 
airfoil case was generated. The layout of mesh on the 
VG device and airfoil’s surface near the VG is shown 
in Fig. 5. The span of the domain is 0.163c for S1-S2, 
0.122 25c for S3-S5 (refer to Table 1).The symmetry 
boundary condition is used on both sides of the do-
main. The flow parameters used by the numerical 
simulation in these VGs case are fixed so that they are 
the same as in the clean airfoil 2D simulation. An in-
dependent mesh size solution is achieved with 310× 
130×15 grid points.  
 
Fig. 4  Mesh used in partition of domain around airfoil. 
 
Fig. 5  Mesh on VG device and airfoil’s upper surface.  
3. Results and Discussion 
Four experimental cases were conducted including 
one baseline and three different VG configurations. 
Meanwhile, six cases including one baseline  case 
and five different VG configurations are under com- 
putational investigation. The flow conditions that were 
used are exactly the same for all experimental and 
simulation cases. Stall performance was chosen as an 
indicator to quantitatively represent the performance of 
each flow control case. A comparison between the re-
sults of computations and experiment is also presented 
and discussed in this section. 
3.1. Baseline case 
A comparison is made between the results from the 
current work and that from Ostowari, et al. [16]. The 
comparison is made for flow with Reynolds number of 
2.13×105. Fig. 6 shows that the simulation and ex-
perimental results agree with the previous investiga-
tors. In Fig. 6, CL is the lift coefficient and CD is the 
drag coefficient. The slight difference in the experi-
mental and numerical work could be attributed to the 
limitations of the wind tunnel set-up and idealistic as-
sumptions considered in the numerical modeling. It is 
assumed that the difference in the experimental and 
numerical simulations is caused by wind tunnel wall 
interference effects. Nevertheless the experimental 
data closely matches the numerical simulation. 
 
Fig. 6  Lift coefficient and drag coefficient comparison with 
Ostowari’s results.  
The airfoil’s stall angle is observed at about 14o an-
gle of attack from both experimental and simulation 
data. From CFD simulation, the separation point of 
airfoil at 14° stall angle has been determined. The se-
paration zone can be clearly seen from the time and 
spanwise-averaged velocity vectors shown in Fig. 7, 
where a very strong reversed flow region can be found. 
Two vortices were observed at airfoil’s upper surface.  
The separation of the mean flow starts near x/c= 
0.55. The exact separation point is determined through 
Fig. 8. The skin friction coefficient, Cf , of the mean 
flow on the upper surface of airfoil is shown in Fig. 8. 
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Fig. 7  Time and spanwise-averaged velocity vectors and 
contours in baseline case (CFD). 
 
Fig. 8  Skin friction coefficient (CFD). 
From Fig. 8, it can be seen that the lowest peak skin 
friction is at x/c=0.55. The boundary layer becomes 
thinner when the lowest peak skin frictions occur. 
Fig. 9 shows the mean streamwise velocity profiles 
at different streamwise locations. In Fig. 9, U is the 
mean velocity of flow and U0 is the streamwise velo- 
city profiles at location z0 (refer to Fig. 3). The mean 
flow separation is visible on the velocity profiles from 
x/c=0.55 through trailing edge. The mean velocity 
profile in the separation zone has a strong reversed 
flow which occurs at inflection point. 
 
Fig. 9  Mean streamwise velocity profiles at different 
streamwise locations. 
3.2. Flow control case 
3.2.1. Effect of ∆Xvg /δ 
Fig. 10 shows the lift coefficients of two different 
∆Xvg /δ cases, S1 and S2, in comparison with baseline 
case. There is an increase in CLmax of S1 and S2 by 
4.9% and 6.3% in baseline case, respectively. How-
ever, both cases show no effect in delaying the stall 
angle of the wing.  
 
Fig. 10  Lift coefficients of two different ∆Xvg /δ cases in 
comparison with baseline case. 
The comparison between the skin friction coeffi-
cients of the three cases is displayed in Fig. 11. A 
sharp increase in Cf can be observed immediately 
downstream of both VG cases. This indicates that the 
skin friction is increased due to the high momentum 
fluid brought by the VG into the near-wall region. The 
skin friction coefficients for both S1 and S2 cases are 
much higher than the baseline case downstream of 
VG. The result also shows that the skin friction of case 
S1 is higher than case S2 downstream of VG. The 
boundary layer energy increases, speed type becomes 
full, and the ability to resist the adverse pressure gra-
dient increases. This has shown that VG has an effect 
on delaying flow separation by increasing skin friction 
on the wing surface.  
 
Fig. 11  Skin friction coefficients of case S1 and case S2 in 
comparison with baseline case. 
Fig. 12 illustrates the contours of velocity vector for 
case S1 downstream of VG at location x=0.5c. The 
downwash region occurs in the central region and the 
upwash at both ends of the image. This shows that the 
higher momentum fluid is brought by the vortex gen-
erator into the near-wall region.  
3.2.2. Effect of  VG spacing λ/h 
The comparison between the lift coefficient of two  
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Fig. 12  Velocity vector for case S1 downstream of VG. 
different spacing cases, S1 and S3, is displayed in 
Fig. 13. The result shows that decreasing the spacing 
of VGs λ/h produces a significant increase in wing’s 
lift coefficient. Case S3 has shown an increase in CLmax 
by 8.6% in baseline case, which means that it is higher 
than case S1 by about 4%. The experimental results of 
C2 and C3 which are compared in Fig. 14 have proved 
that the spacing of VGs λ/h has a significant effect on 
the enhancement of the lift force of wing. 
 
Fig. 13  Lift coefficient comparison of case S1 and case S3 
(CFD). 
 
Fig. 14  Lift coefficient comparison of case C2 and case C3 
(experiment). 
Fig. 15(a) illustrates the normalized streamwise ve-
locity profiles at location z0. Since the z0 is located at 
the downwash region, the gap between VG d for both 
cases remains the same, so both configurations give 
almost identical results. The boundary layer was 
thinned in downwash region. While in Fig. 15(b), the 
result shows that lower ratio of λ/h has a significant 
impact on the velocity profile, compared case S1 with 
higher spacing distance. For case S1, the strong re-
versed flow can easily be observed at streamwise loca-
tion of x=0.6c at upwash region p1 (refer to Fig. 3). 
For case S3, the reversed flow only occurs after 
x=0.6c. In the common-flow-up region, the larger 
spacing of vortices in case S1 causes the vortices to be 
less able to be diverted away from the wall [17]. For the 
closer spacing, the low momentum is able to be trans-
ferred away from the wall faster and high momentum 
energy is transferred towards the wall and it increases 
the skin friction. The boundary layer reenergized 
process is more efficient in low spacing ratio configu-
ration in terms of redirect airflow in the flow field to 
delay adverse interaction. A comparison is made be-
tween the results from the current work and that from 
Ostowari, et al. [16]. 
 
Fig. 15  Normalized streamwise velocity profiles at different 
spanwise locations. 
3.2.3. Effect of shape of VG  
In Fig. 16, the lift coefficient comparison between 
three different shapes of VGs is shown. The results 
show that the CLmax of rectangular and curve-edge VG 
is higher than triangular VG by 7.8% and 7.7% re-
spectively. The curve-edge VG case performs higher 
lift at high angle of attack. 
Fig. 17 illustrates the skin friction coefficient com-
parison between cases S3-S5 at streamwise location 
x/c=0.45. The peak skin friction for S5 is significantly 
lower than S3 and S4. Three cases show the same lo-
cation of the highest and secondary peak skin friction 
exists. The lowest skin friction occurs at z/λ=0.8-1.0 
in S5. The thickest boundary layer occurs in this up-
wash region. 
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Fig. 16  Lift coefficient comparison between different 
shapes of VGs. 
 
Fig. 17  Skin friction coefficient at streamwise location 
x=0.45c. 
4. Conclusions 
(1) A numerical study has been carried out using 
different streamwise locations ∆Xvg/δ, spacing λ/h and 
shape configurations to obtain the optimum parameters 
of passive VG in the enhancement of the aerodynamic 
performance of Aludra’s wing with NACA4415 airfoil. 
Experiments are carried out to validate the numerical 
data. The numerical work of baseline case shows sat-
isfactory agreement with the experimental data.  
(2) The VG with ∆Xvg/δ =10, which is closer to sepa-
ration baseline, was more effective in increasing CLmax 
by 6.3% in baseline case compared to ∆Xvg/δ = 16. 
(3) The spacing of VGs λ/h has shown a significant 
effect on lift force enhancement of the wing. VG con-
figuration with λ/h=7.5 increased CLmax by 4% which 
was higher than VG with λ/h =10. 
(4) The rectangular and curve-edge VG is also more 
effective than the triangular VG in increasing the lift 
force of the wing. 
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